A multivariate analysis of inadequate extradural analgesia was carried out prospectively on 1051 patients undergoing lumbar extradural anaesthesia for surgery performed on structures innervated by T10-S5. Ninety-six patients (9 %) experienced pain during surgery. Age, extradural fentanyl, diazepam sedation and duration of surgery had no significant influence. We found some weak evidence that the type of surgery affects the risk of feeling pain. The probability of pain increased with increasing weight, except in overweight women, and was significantly greater for both shorter and taller patients, relative to patients of average height. The probability of pain decreased with increasing dose of local anaesthetic, increasing spread of extradural analgesia, addition of adrenaline, and fentanyl or thiopentone sedation. Extradural block fails to provide adequate surgical analgesia in 4-50 % of cases [1, 2] . Current research has aimed mainly at potentiating the action of local anaesthetics by adding opioids [3] or adrenaline [4] [5] [6] to the anaesthetic solution, and at favouring the spread of the anaesthetic solution to the appropriate segmental level by positioning [7, 8] . The efficacy of adrenaline and positioning, however, remains controversial [4] [5] [6] [7] [8] . It has also been shown that increasing body weight [9], decreasing age [10] and operations involving segments L5-S1 [10] are associated with higher failure rates.
Extradural block fails to provide adequate surgical analgesia in 4-50 % of cases [1, 2] . Current research has aimed mainly at potentiating the action of local anaesthetics by adding opioids [3] or adrenaline [4] [5] [6] to the anaesthetic solution, and at favouring the spread of the anaesthetic solution to the appropriate segmental level by positioning [7, 8] . The efficacy of adrenaline and positioning, however, remains controversial [4] [5] [6] [7] [8] . It has also been shown that increasing body weight [9] , decreasing age [10] and operations involving segments L5-S1 [10] are associated with higher failure rates.
All of the aforementioned studies have separately analysed the influence of each factor on extradural analgesia. Such an approach has some important shortcomings. First, the omission of other factors potentially influencing extradural analgesia may bias the findings related to the factor investigated [11, 12] . Second, this methodology does not provide a general model to predict the probability of pain. Third, it does not mirror actual clinical practice, in which the anaesthetist must simultaneously consider the influence of all possible factors at the same time.
The present study is a multifactorial analysis attempting to explain why extradural analgesia might fail. The aims were both to identify patients at high risk of experiencing pain and to improve the success rate of extradural block. Factors related to patients, surgery and anaesthesia have been analysed simultaneously. In order to improve the reliability of the findings, we have studied a large number of factors [11, 12] , each characterized by a large variability (i.e. wide ranges of age, dose, etc.) [13] . Similar methodology has previously been used to predict the risk of side effects after spinal anaesthesia [14] .
Patients and methods
The study was conducted prospectively on ASA I-II, non-pregnant, non-diabetic patients undergoing orthopaedic, gynaecological and general surgery performed on areas innervated by T10-S5. Patients who had received opioids in the previous 14 days or other analgesics in the previous 24 h were excluded. Patients were informed that extradural anaesthesia was an anaesthetic technique which makes the lower part of the body insensitive to pain, and that it is used routinely for their operation in our department, but that general anaesthesia could also be performed. Patients were asked to choose between the two anaesthetic techniques, and those patients who chose extradural anaesthesia were selected for the study. Written consent was obtained from each patient. A total of 1061 patients were recruited over a period of 4.5 yr.
Two experienced and qualified anaesthetists and four experienced surgeons (two orthopaedic surgeons, one gynaecologist and one general surgeon) were involved throughout the period of data collection, at the same hospital. No new operations or new surgical techniques were introduced during the study period.
In order to obtain a large patient population, premedication and anaesthetic management followed the standardized routine procedures of the depart-ment. Every patient was premedicated with oral lorazepam approximately 2 h before induction of the extradural block, at a dose of 2.5 mg and 1 mg for patients less than and more than 65 yr of age, respectively.
ANAESTHETIC SOLUTION
The anaesthetic solution varied during the study as follows. Lignocaine carbonate 2 % (Astra Pharmaceutica AG) at room temperature was used for operations with a predicted duration of less than 90 min and for foot or ankle surgery [15] . Bupivacaine 0.5 % (Astra Pharmaceutica AG) was administered for surgery with a predicted duration of more than 90 min. Adrenaline 1:200 000 was added freshly to 2 % lignocaine carbonate initially for operations lasting 30-90 min. Twelve months after the beginning of the study, adrenaline was used also for all foot and ankle surgery [15] . In the last 6 months of the study the availability of a recovery room eliminated the risks associated with prolonged duration of block at the ward, and adrenaline was always added to lignocaine carbonate. Adrenaline was never added to bupivacaine. Extradural fentanyl was first used 9 months after the beginning of the study. Initially it was always added to the anaesthetic solution [5] As one patient manifested respiratory depression (see results), its use was limited after 3 months and until the end of the study to surgery expected to be associated with the strongest painful stimuli, namely hip and knee arthroplasty, reconstruction of anterior and posterior cruciate ligaments, tibial osteotomy, ankle ligament reconstruction and correction of hallux valgus. Fentanyl was added to the last 5 ml of the initial bolus of anaesthetic solution, in a dose of 100 g for patients less than 50 yr old and 50 g for patients older than 50 yr. The above-mentioned changes in the indications for adrenaline and extradural fentanyl during the study had not been planned but represented changes in the routine of the department.
The dose of local anaesthetic varied according to age, height and body mass index [16, 17] . The following formulae were applied: amount in ml : 40 9 0.5 age (yr) for patients less than 30 yr old; ml : 33 9 0.3 age for 30-60-yr-old patients; and ml : 30 9 0.25 age for patients more than 60 yr. The calculated dose was decreased by 0-30 % in patients whose height was less than 165 cm or who had a body mass index (weight (kg)/height 2 (m)) greater than 27, and increased by 0-30 % in patients whose height was greater than 180 cm. The maximum and minimum doses allowed were 30 and 10 ml, respectively.
EXTRADURAL BLOCK
All extradural blocks were performed below L2, in the lateral position, with a median approach, using a 17-gauge Tuohy needle. The puncture was performed at the interspace corresponding to the dermatome closest to the site of surgical incision, but above L5 if a tourniquet was used. In case of technical difficulty the block was performed at an adjacent interspace or, if difficulty persisted, by a paramedian approach. The extradural space was identified by loss of resistance, injecting no more than 3 ml of 0.9 % saline. A test dose of 3 ml of the chosen anaesthetic solution was first administered. After 4 min, the remaining dose was injected through the extradural needle, at a rate of 1 ml s Ϫ 1 , with the bevel pointing cranially. An extradural catheter was inserted after administration of the anaesthetic solution for surgery with a predicted duration of more than 2 h. In this case, to avoid leakage of anaesthetic solution from the initial injection, the syringe was detached from the needle 5-10 s after the administration of the anaesthetic solution and the catheter with introducer was inserted rapidly. Immediately after injection of the anaesthetic solution or the introduction of the extradural catheter, the patient was turned to the supine position. If an extradural catheter had been inserted, top-ups of 0.5 % bupivacaine at a dose of one-third of the initial dose were administered hourly, beginning 2.5 h after injection of the first dose, until the end of surgery.
The upper and lower levels of sensory block were determined by absence of pain to pinprick. Determinations of the upper level were made at 5, 10, 15 and 20 min, and then every 10 min, up to 60 min after injection of the anaesthetic solution. Thereafter, the level was assessed every 30 min. Determinations of the lower level were made together with those of the upper level, until analgesia of S5 was ascertained. For analysis of the data, when asymmetry of the block occurred, the number of segments blocked on the side of surgery was considered for unilateral operations, whereas the mean number of segments on both sides was calculated for surgery performed close to the median line.
PREPARATION FOR OPERATION AND SURGICAL

ANALGESIA
Surgical preparation was permitted as soon as the upper and lower spread exceeded two segments above and below the dermatomal area corresponding to the surgical field. If this was not achieved after the first injection the patient was eliminated from the study. Surgery started not earlier than 15 and 30 min after injection of lignocaine and bupivacaine, respectively. A tourniquet, applied at the thigh, was always used for knee, tibial, foot and ankle surgery.
Patients who wanted sedation and those judged to be anxious received i.v. sedation agents. Sedation was titrated until patients reached a state of drowsiness, but not deep hypnosis, at the time of skin incision. During operation, sedation was aimed at relieving anxiety and providing comfort. The patients were asked to open their eyes 1-2 min before skin incision, and then every 1-2 min for 5-10 min after each administration of sedative. The type of sedation varied as follows. During the first 6 months thiopentone in increments of 25 mg was administered, to a maximal total dose of 250 mg, followed if needed by diazepam 2.5 mg. As thiopentone frequently caused side effects (see results), during the following 2.5 yr patients were sedated with diazepam in increments of 2.5 mg. During the last 1.5 yr, fentanyl in increments of 25 g was administered, to a maximum dose of 150 and 100 g for patients less than and more than 50 yr of age, respectively; if required, patients were sedated further with bolus doses of either propofol 10 mg or diazepam 2.5 mg when surgery was predicted to finish before or after 20 min, respectively. The changes in sedation during the study had not been planned but represented changes in the routine of the department.
Patients complaining of discomfort at the site of surgery during operation were given increments of diazepam 2.5 mg i.v. If discomfort persisted or was referred to as pain, extradural analgesia was considered inadequate ("failure"). All other cases were considered a "success".
STATISTICAL METHODOLOGY
The results were analysed by logistic regression analysis (software: STATA version 3.1, which performs maximum likelihood estimation using the logistic cumulative distribution function). This method simultaneously studies the influence of various factors (independent or explanatory variables) on a dependent dichotomous variable (success or failure of extradural analgesia) [11] . The model has the form:
β β β β β β β β
where pi : estimated probability that patient "i" experiences pain, x1i … xni : values of the explanatory variables (e.g. age, weight, etc.), and ␤0 … ␤n : regression coefficients which measure the impact of each explanatory variable on the probability of pain. A positive (negative) value of ␤1 implies that higher values of the variable x1 increase (decrease) the probability that the patient experiences pain. For a categorical variable, xk (e.g. sex), the odds ratio can be calculated from the regression coefficient ␤k:
where e is the base of the natural logarithm (e : 2.71828).
The factors presented in tables 1-2 have been analysed. Preliminary analysis showed that ankle surgery was associated with the smallest probability of pain. Therefore, in the analysis of type of surgery, ankle surgery has been used as a reference: the coefficients associated with the other types of surgery measure the increase in the probability of pain relative to ankle surgery. The possibility of nonlinearities in the influence of numerical patient characteristics has been further explored by including the squared form of each variable (e.g. height 2 ) in the analysis. Potential interactions between factors have been investigated by including pairwise products of the variables (e.g. height weight) in the analysis. The possibility of collinearity (i.e. dependence of an independent variable from another) was verified by examining the pairwise correlation coefficients.
A total of 29 variables were analysed with a backward stepwise procedure, considering a P value :0.05 as significant. Initially, all variables were included in the regression. Those variables which were not predictors of pain were progressively removed from the analysis. Furthermore, whenever different types of surgery (table 1) had a very similar impact on the probability of pain (i.e. the difference between the regression coefficients was not statistically significant), they were grouped and presented as a single variable. Groups A-E in table 1 were thus obtained. This procedure led to a final model which included only statistically significant factors. In order to check the robustness of the estimates, the final regression was bootstrapped by performing 1000 replications of the logistic equation with data resampling, using the procedure "ssi2" in STATA. No analysis was performed during the period of data collection.
Results
The upper and lower spread of analgesia was not adequate for surgery in eight and two patients, respectively, for unknown reasons. These patients were therefore excluded from the analysis. In four patients who were given plain lignocaine carbonate for knee arthroscopy, pain occurred 60-80 min after injection of lignocaine and 30-40 min after the beginning of surgery. A regression of 1-3 segments in the upper level of analgesia was observed. Pain was attributed to unexpectedly prolonged duration of surgery and extradural analgesia was considered to be adequate. These patients were included in the analysis. Extradural analgesia was inadequate in 96 of the 1051 patients included in the study (9 %). Pain occurred 20-80 min after injection of the anaesthetic solution (median 35 min) and 0-25 min after the beginning of surgery (median 0 min). Four patients complained of tourniquet pain, which always occurred as soon as the tourniquet was inflated. One felt pain also at the site of surgery. Table 3 shows the doses of sedative agents. All sedated patients opened their eyes either spontaneously or after verbal command. No patient sedated with thiopentone (n ϭ 50) experienced pain. They were therefore not included in the model (the regression coefficient would tend to minus infinity).
Age, type of local anaesthetic, site of injection, extradural fentanyl, diazepam sedation and duration of surgery did not significantly influence the probability of pain. Table 4 shows the final logistic Table 4 Final model, including only the predictors of probability of pain (n : 1001). The outcome variable was pain yes/no. The probability of pain can be calculated by equation (1) Figure 1 shows the incidence of pain in the sample according to dose of local anaesthetic, adjuvants and sedation. The impact of these factors on the probability of pain is exemplified in table 6. The probability of pain increased with increasing weight, except in overweight women (table 4) . Height exhibited a non-linear relationship and significantly interacted with weight: the probability of pain was greater both for shorter and taller patients, relative to average-height patients (table 4); the importance of height was greater for very short and very tall patients; furthermore, height had a lesser impact in heavy patients and weight had a lesser impact in tall patients (table 4) .
The probability of pain increased with the interval between injection of anaesthetic solution and beginning of surgery. Knee, femur, hip and foot surgery were associated with greater risk of inadequate analgesia, compared with ankle, gynaecological and general surgery (table 4). The probability of pain decreased with increasing dose of local anaesthetic, increasing spread of extradural analgesia, addition of adrenaline and fentanyl sedation (table 6). Extradural fentanyl tended to potentiate the action of adrenaline (odds ratio of adrenaline fentanyl : 1.51), but the variable was not statistically significant, possibly because of the relatively small number of patients receiving both adjuvants (n : 63). Similarly, interactions of dose of local anaesthetic with adrenaline and extradural fentanyl were not significant.
The sequential specification search adopted might have led some variables to yield a P value :0.05 even if they were not truly significant. Thus the evidence for variables exhibiting a P value 90.01 is not as strong as for the other variables.
After bootstrapping the regression of table 4, the point estimates and standard errors for the coefficients remained extremely close to those of table 4 for all variables, with the exception of the standard errors of knee-femur-hip (SE : 1.0555) and foot (SE : 1.1955). Thus there is only weak evidence that the type of surgery affects the probabilty of pain. When analysing the correlation coefficients between the predictors, the greatest value was between dose and age (90.69). However, this does not appear to have affected the precision of the estimates of the impact of dose, as both the point estimates of the coefficient and its standard error were very robust to the presence or absence of age. The second highest value was between knee-femur-hip and foot (90.56). This was likely to be responsible for some lack of precision in the estimation of the corresponding variables, as detected by the bootstrapping distribution of the estimated coefficients.
The test dose was always negative, and no case of perforation of the dura or systemic toxicity was recorded. In 10 patients the block had to be performed using a paramedian approach. Eight patients sedated with thiopentone manifested a brief state of euphoria, and two also experienced disinhibition. One unsedated patient who received extradural fentanyl manifested marked sedation and a ventilatory frequency of 6 b.p.m., which occurred 40 min after administration of the anaesthetic solution and lasted 15 min. No case of intra-or postoperative respiratory depression requiring assisted ventilation was observed.
Discussion
STUDY DESIGN
The importance of performing multivariate instead of separate analyses is demonstrated by the following example. Older patients exhibited a significantly greater probability of pain when age was analysed separately. However, the multiple regression showed that age was not a predictor of inadequate analgesia and consequently the significant influence of age was spurious, as it was caused by omission of factors interacting with age (e.g. older patients received smaller doses of local anaesthetic to avoid exaggerated spread of extradural analgesia [16] ).
Inadequate extradural analgesia is a relatively rare event, and many factors are potentially involved. Consequently, a large sample of patients must be collected in order to allow a reliable analysis. We accomplished this by standardizing the anaesthetic technique according to the routine of the department. This procedure also allowed analysis of a wide Table 6 Effect of adrenaline, fentanyl sedation and dose of local anaesthetic on the probability of pain, calculated by equation (1) range of doses and of different techniques (extradural adjuvants, type of local anaesthetic, etc.), which could not have been accomplished safely by randomizing these factors in a sample characterized also by a wide range of age, height, weight and type of surgery. Because type of anaesthetic solution and sedation changed during the period of data collection, the effect of these variables may be confounded with unexplored variables which also changed during the study. However, the variables more likely to influence the risk of pain, that is technique of extradural block, anaesthetists and surgeons involved, and surgical techniques, did not change during the study.
PATIENT-RELATED FACTORS
Age was not a predictor of pain. A previous study showed a greater incidence of failure to block S1 in younger patients [10] . However, we did not investigate the possible interference of other factors, such as the dose of local anaesthetic, which varied according to the operation and the desired spread of block.
The probability of pain increased with increasing weight, except in overweight women (table 4 ). An increase in the skin to extradural space distance and in the amount of extradural fat may account for the effect of weight [9] . Increasing weight might have different anatomical and physiological consequences in men and women, that is different amounts and distributions of extradural fat, different changes in the anatomy of the spine, and different intraabdominal and extradural pressures. This might result in different extradural distributions of the anaesthetic solution. This hypothesis, however, has not been tested, and the reasons for the interaction between sex and weight remain unknown.
The probability of pain was greater both for shorter and taller patients, relative to average-height patients (table 4). Shorter subjects have been shown to be more pain sensitive, perhaps because of differences in receptor density, skin thickness or length of neural axons [19] . On the other hand, taller patients exhibit a greater length of extradural space, greater distance from dura to pia mater, greater cerebrospinal fluid volume and greater spinal cord diameter [20] . Thus a given amount of anaesthetic solution, spreading to a given segmental area, is distributed in a higher volume, with consequent lesser concentration of local anaesthetic at the target tissues. This may overcome the aforementioned decrease in pain sensitivity with increasing height.
SURGERY-RELATED FACTORS
The probability of pain was not influenced by the duration of surgery but increased with the interval between injection of anaesthetic solution and beginning of surgery. This suggests that the choice of anaesthetic solution adequately compensated for the different durations of the operations, but a delay in the beginning of surgery may result in regression of the degree of analgesia despite unmodified spread of pinprick analgesia. The quantitative impact of this factor, however, was modest and clinically not very significant.
Evidence that the type of surgery influenced the probability of pain was weak because of the relatively high P values (table 4) and the distribution of the bootstrapped estimates (see results). However, even if the results are considered significant, they are partially in contrast with the general belief that the greatest failure rate is observed in surgery performed on areas innervated by L5-S1 because of the larger diameter of these nerve roots [10] . The good quality of L5-S1 analgesia provided by lignocaine carbonate [15] and the injection of the anaesthetic solution at a low lumbar level [21] were likely to minimize the influence of this anatomical feature. In a previous study using lignocaine carbonate, we found that the failure rate in foot and ankle surgery was not significantly different from that observed in other types of surgery [22] .
ANAESTHESIA-RELATED FACTORS
Site of injection and type of local anaesthetic had no influence on the probability of pain. However, almost always we performed the block at the interspace corresponding to the dermatome closest to the site of surgery, and bupivacaine was never used for foot and ankle surgery because of the difficulty in blocking L5-S1 with non-carbonated local anaesthetics [15] .
Increasing the dose of local anaesthetic reduced the probability of pain, irrespective of increases in the spread of analgesia (table 6) . Injecting larger volumes can result in an increased extradural pressure, which enhances the spread of anaesthetic solution through the intervertebral foramina. This increases the amount of local anaesthetic at the nerve roots in the intervertebral foramina and possibly in the paravertebral space, with consequent enhancement of sensory block.
Greater spread of analgesia was associated with lower probability of pain. In the presence of pinprick analgesia pain can be evoked by laser, the pain threshold decreasing with increasing distance between the dermatome tested and site of injection of the anaesthetic solution [23] . Thus the spread of surgical analgesia is likely to be much smaller than blocks ascertained by pinprick.
Surprisingly, adrenaline greatly reduced the probability of pain (table 6), whereas no significant effect of extradural fentanyl was found. Adrenalineinduced vasoconstriction reduces vascular uptake of anaesthetic solution, thereby maintaining a greater concentration of local anaesthetic at the neural tissue [24] . Moreover, adrenaline has an antinociceptive action at the spinal cord [25] . The efficacy of extradural fentanyl and adrenaline might vary with the type of surgery, which could explain the favourable effect of extradural fentanyl found in previous studies [3, 5] , and the controversies on the efficacy of adrenaline [4, 5] . Our surgery mostly involved somatic nociception. Extradural fentanyl might be more appropriate in surgery associated with visceral pain [3, 5] .
Evaluating the effect of sedation is a priori biased by the fact that sedated (i.e. anxious) and unsedated (i.e. calm) patients represent two non-comparable populations. Furthermore, patients were sedated on the basis of the clinical evaluation of the anaesthetist, as randomization of sedation would be ethically unacceptable. Sedation with fentanyl, but not with diazepam, reduced the probability of pain (table 6) . No patient sedated with thiopentone (n : 50) experienced pain. Extradural anaesthesia may not block completely the transmission of noxious stimuli, even in the presence of adequate analgesia [21] . Sedation can prevent anxiety-induced amplification of nociceptive inputs [26] , thereby lowering the likelihood of pain. The analgesic effect of fentanyl and the antinociceptive action of thiopentone at the spinal cord [27] may also account for this effect. The results also indicate that thiopentone has no hyperalgesic effect [28] in the presence of extradural block. The lesser effect of diazepam may result from the much lower analgesic effect, compared with fentanyl, and to a lesser degree of sedation achieved at the time of skin incision, compared with thiopentone. However, we cannot substantiate this explanation, as we did not record the degree of sedation.
CLINICAL CONSIDERATIONS AND CONCLUSIONS
The main finding of this study was the detection of risk factors increasing the probability of inadequate extradural analgesia. The overall statistical significance of the model was very high (chi-square : 107.06, P : 0.000), and the standard errors obtained from the logistic regression on the whole sample have proved to be very robust to bootstrapping, except those pertaining to type of surgery. Sensitivity, specificity and predictive values of the model were acceptable (table 4) , if we consider that there are certainly unexplored factors affecting the probability of pain. An improvement in the success rate of extradural analgesia can be expected by using adrenaline, by sedating patients with fentanyl or thiopentone, or by increasing the dose of local anaesthetic (table 6) . Therefore, unlike previous studies [10] , our data do not suggest that extradural anaesthesia should be avoided in patients at high risk of failure. The use of adrenaline allows also an increase in the dose of local anaesthetic with minimal risk of systemic toxicity [24] . Larger doses can extend the spread of analgesia, which further reduces the risk of pain. A modest effect, however, is to be expected: in a previous study we found that increasing the dose by 10 ml increases spread by only two segments [29] . Larger doses of local anaesthetic are not recommended for elderly, very short or obese patients, because of a greater risk of systemic toxicity and exaggerated spread of block [29] . In these patients addition of adrenaline, fentanyl sedation, or both, may greatly reduce the probability of pain (table 6). Thiopentone sedation is also very efficacious, but its routine use is not recommended because of the high incidence of side effects.
In conclusion, we found that patient-, surgeryand anaesthesia-related factors are predictors of failure of extradural analgesia. The risk of experiencing pain can reasonably be predicted, and an improvement in the success rate of extradural analgesia can be expected by considering the abovementioned factors.
